Abstract The paper presents the results of an experimental work carried out in a geotechnical centrifuge at the Schofield Centre of Cambridge University. Two reduced scale models of soft barriers in a sand layer underwent a series of ground shaking. In the first model a thin horizontal layer made of latex balloons filled with a cross-linked gel was created at about mid-height of the sand layer. In the second, the same balloons were deployed to form a V-shaped barrier aimed at isolating a relatively shallow volume of sand. The aim of the study was to get experimental evidence of the capability of such soft barriers to isolate a volume of soil thus reducing amplification of ground motion during severe seismic events. The experimental results were compared with FE numerical analyses of the same models, carried out also in free field to have a benchmark condition. By validating the FE modelling via the comparison with the experimental results, a robust model has been built, aimed at being used for carrying out a wider parametric numerical testing. The experimental results confirm the effectiveness of such soft barriers to reduce amplification in the isolated volumes during seismic events.
Introduction
Technological interventions into the ground to mitigate the effects of vibrations have been employed in the past, mostly with reference to the effects of anthropic actions (e.g. surface vibrations induced by vehicles and rail-bound traffic). To this aim, completely different solutions have been studied, all with the aim to modify the impedance ratio a, defined as the dimensionless ratio between the dynamic impedance of the natural and of the treated soil (a = g s /g g ): for instance creating a stiff layer (high impedance, low value of a under the building to protect, as suggested by Chouw and Schmid 1992; Kellezi 2011) or installing vertical wave absorbing barriers close to the vibration source (low impedance, high value of a, using in-filled walls or gas cushion trenches as proposed by Massarsch 2003 Massarsch , 2005 .
For buildings, the concept of vibration screening was initially proposed by Woods (1968) . Interception, scattering, and diffraction of surface waves can be achieved by using barriers such as trenches, sheet-pile walls, and piles (Liao and Sangrey 1978) .
With specific reference to the protection of structures from seismic shaking, different technological means have been considered in literature: for instance, smooth synthetic liners have been proposed underneath the foundation of structures or between soil layers for dissipating seismic energy through sliding (Yegian and Kadakal 2004) . A potential seismic isolation method, that makes use of scrap rubber tires for the protection of low-tomedium-rise buildings was proposed among others by Tsang et al. (2012) . The method involves mixing shredded rubber tire particles with soil materials and placing the mixtures around building foundations, which provides a function similar to that of a cushion.
More recently, the use of soft and weak buried barriers has been proposed (e.g. Kirtas et al. 2009a; Kirtas and Pitilakis 2009b) . By introducing flexible deformable vertical diaphragm walls together with a soft horizontal layer in the foundation subsoil, the input ground motion characteristics would be altered, and the structural demand reduced. The adoption of a soft and weak buried barrier bounding a soil volume underneath the foundations of a building is extremely interesting, as theoretically feasible underneath existing structures. This paper will discuss such a kind of solution to reduce seismic shaking at ground level. Kirtas et al. (2009a) and Pitilakis (2009b) first and Lombardi (2014) have shown that in order to have an effective modification of shear waves propagation, the volume of soil to be protected has to be completely bounded by the soft and weak layer, i.e. the barrier must be continuous to ground level. Based on this finding, numerical parametric analyses have been carried out to identify the geometrical and mechanical properties of a soft barrier that optimize the results under both static and dynamic conditions Flora et al. 2016) . The results have shown that there is a range of values for the parameters in which the barrier can be effective as seismic isolation without inducing excessive static settlements. A suitable material to create such a low impedance barrier is for instance a hydrophilic polymer (Super Absorbent Polymer SAP) that can absorb and retain extremely large amounts of a liquid with respect to its own mass (Flora et al. 2015) . Its configuration after hydration is that of a cross-linked gel with a density close to that of water. Laboratory tests were carried out on this material to evaluate the properties needed as input parameters to the numerical analyses. Due to the very low consistency of such a material, specimen preparation was very difficult; hence some uncertainties arose on the measured properties. The results of plane strain dynamic analyses (Flora et al. 2016 ) also showed that such a soft grouted layer tends to filter the high frequency components of the input signal without modifying in a significant way the low frequency components.
Given the possible uncertainty on the polymer properties measured in the laboratory, centrifuge experiments on physical models of similar barriers at reduced scale were used to further support the numerical evidence of their effectiveness. The tests were carried out at the Schofield Centre of Cambridge University on two models. In the first model, the soft layer was horizontal, while in the second one a V-shaped barrier was created in the ground.
In the first part of the paper the centrifuge models are described and an interpretation is presented of pulse tests preliminarily carried out in the centrifuge to evaluate the shear wave velocity profile in the models. This was necessary to the interpretation of the centrifuge testing results and for the subsequent numerical analyses.
Then ground displacements and accelerations measured in centrifuge tests are compared with those computed by the numerical analyses carried out assuming free-field conditions (without barriers).
The effectiveness of the two barrier configurations to reduce the ground surface amplification is finally shown and discussed.
Centrifuge tests 2.1 Test setup and model preparation
The tests were carried out in the 10-m diameter Turner beam centrifuge (Madabhushi 2014) . The experimental programme included two tests on a model with different configuration of the soft barrier, performed at two levels of centrifugal acceleration in a special container known as laminar box. The concept of the laminar model container is that it has zero lateral stiffness of its own and therefore its deformation is driven by soil deformation (Scott 1994; Brennan et al. 2006 ). The box is made by individual laminas that are separated by cylindrical bearings, so as to minimize the friction. The model container has nominal inside dimensions of 500 mm 9 250 mm 9 300 mm. A dynamic actuator (Stored Angular Momentum, SAM) was used to fire the model signals (Madabhushi et al. 1998) . The SAM actuator works by spinning two flywheels up to the required speed. A clutch mechanism then grabs hold of a reciprocating rod coming from the flywheels which transmits shaking into the model until the clutch releases. The duration, frequency and magnitude of the signal can be set independently while the centrifuge is spinning. During a test, each model was subjected to eight signals, consisting of approximately sinusoidal waves with constant duration and different nominal frequency and amplitude. The basic scaling law for centrifuge modelling derives from the need to ensure the stress similarity between a model and the corresponding prototype. Therefore all the length dimensions of the prototype are scaled down by a factor N in the centrifuge model. The gravity is increased by the same geometric factor N relative to the normal Earth's gravity field. A number of scaling laws is needed to convert between prototype and model (Madabhushi 2014) . Those used for the tests are summarized in Table 1 . It is worth noting that both the amplitude and the frequency of the ground motion applied at the base of the model must be N times larger than at the prototype scale.
The soil models were made of uniform dry sand, namely HN31 Hostun sand. Table 2 reports its properties as know from existing literature (Flavigny et al. 1990 ).
The sand layers were deposited at nominal relative density (D r ) equal to 85 %. An automatic sand pourer was used for pluviating the sand in the laminar box. To achieve a specific relative density the sand needs to be poured from a particular height and at a particular flow rate. The sand is placed in a hopper suspended above the model container. A nozzle was placed at the bottom of the hopper to control the flow rate and the drop height was controlled through the program used to control the equipment (Madabhushi et al. 1996) .
The soft barrier was made in both the models by latex balloons filled up with the SAP. Confining of the SAP inside the balloons was chosen to avoid the material be squeezed during the spin up thus mixing up with the sand in an uncontrolled way. Table 3 reports the properties of the material evaluated by geotechnical laboratory tests (Flora et al. 2015) .
The sand pourer was stopped at desired locations to allow placement of instruments and balloons. In the first model the balloons were placed between two thin layers of latex. A small hollow tube was resting on the top layer of latex to allow a LVDT to be installed to measure the deformation of the soft layer during the spin up. For the creation of the V-shape model (second model) the sand pouring was stopped every 10 mm to place the balloons. For this reason it was impossible to install the two thin layers of latex around the balloons in this model. The instrumentation adopted in both models is the same. Two sets of accelerometers were installed to measure horizontal and vertical components of acceleration. Piezoelectric accelerometers are the traditional kind of transducers used to measure acceleration in dynamic centrifuge experiments. When they are subjected to vibration, a crystal within the instrument is squeezed which in turns releases a charge. This charge output is converted into a voltage using a charge amplifier. These devices are calibrated before use in a centrifuge test using a specially designed calibrator. Furthermore, Micro-electro-mechanical System (MEMS) accelerometers were installed. These devices have a tiny inertial mass suspended on a spring: its displacement is used to determine the spring force and hence the acceleration of the device. Displacement measurements were carried out traditionally by using linearly varying differential transformer (LVDTs). These devices have a relatively slow response time meaning they are ineffective at measuring high frequency displacements accurately. They do however provide an accurate indication of the cumulative settlement. Prior to use, the LVDTs were calibrated by applying known displacements from a screw gauge measuring its output. An air hammer was also placed at the bottom of the models to create a shear wave travelling between two accelerometers placed at a known distances. The values of the shear modulus evaluated by the air hammer tests were interpreted as values of initial shear modulus, G 0 (Ghosh and Madabhushi 2002) as the shear strains developed during the test were small. The tests were performed after accelerating the models to 50 g and 80 g. According to the centrifuge scale factors, the two levels of acceleration correspond to the behaviour of two different prototypes ( Fig. 1 ).
Testing programme
As mentioned above, 8 signals were fired for each model, at two different levels of gravity acceleration, g. Table 4 shows the values of amplitude, nominal frequency and duration of each signal both at model and prototype scale. It is worth noting that the SAM cannot achieve higher nominal frequencies.
Evaluation of soil properties
Shear wave velocity in the ground, V S , can be used to evaluate in-flight dynamic soil properties in centrifuge models as in situ. The maximum shear modulus, G max , can be computed from the shear wave velocity in accordance with elastic theory:
where q is the mass density of the soil. In centrifuge tests, the shear wave velocity, V S , can be measured by using a miniature air hammer, which operates at strain levels of about 0.03 %. Hence V S , can be obtained by measuring the time, T, required for the wave to travel between two consecutive accelerometers, and the distance, L, between this two. That is:
In order to evaluate the shear wave velocity in the sand, the second model has been used, where a free-field vertical array of horizontal accelerometers was available.
The distance between the accelerometers A4 and A6 is L = 0.07 m and the time lag is T = 0.0002 s (L = 5.6 m and T = 0.016 s at prototype scale), providing a value of V S = 350 m/s, representative of the shear wave velocity at mid-height of the sand layer, hence from Eq (1) G max = 202 MPa (Fig. 2) .
Two air hammer tests were performed, at two different gravity levels (50 g and 80 g). The shear wave velocities measured at a certain depth and at a specific level of g correspond to the shear wave velocity measured at the corresponding prototype depth. Therefore the prototype V S profile could be determined.
From the correlation of Hardin and Black (1969) modified for the Hostun sand (Hoque and Tatsuoka 2004) as: 
the profile of G with the depth was obtained, and hence that of the shear wave velocity (Fig. 3) . It can be noted that the experimental data are in good agreement with the literature data. By taking advantage of the air hammer, it is also possible to assess the shear wave velocity in the SAP, by applying a similar procedure to the signals recorded by the accelerometers A4 (below) and A3 (above) the soft barrier, as shown in Fig. 4 .
Since this travel time, t, depends not only on the soft barrier (t 2 = V S,2 ÁL 2 in Fig. 4 ) but also on the sand between the two accelerometers (t 1 = V S,1 ÁL 1 and t 3 = V S,3 ÁL 3 in Fig. 5) , it is possible to estimate an average shear wave velocity of the barrier as:
where t = t 1 ? t 2 ? t 3 , and the values of the shear wave velocity of the sand, V S,1 and V S,3 were estimated both from Fig. 3 . In order to calculate V s,2 , the thickness of the soft stratum L 2 has to be known, as shown in Sect. 5.1. The soil equivalent shear modulus and damping ratio were evaluated from stress strain cycles. The shear stress and the shear strain histories were evaluated using the procedure proposed by Zeghal and Elgamal (1994) . Brennan et al. (2005) described the procedure to calculate shear modulus and damping ratio from stress strain loops in centrifuge tests, derived from the method proposed by Zeghal and Elgamal (1994) . The shear stress at any depth was estimated by integrating the equation of an idealized 1D shear beam as:
where z is the depth, a is the horizontal acceleration and q is the density of the material. Linear interpolation of the acceleration was employed to evaluate the shear stress at each level.
The shear strain can be obtained from the relative displacement between two consecutive accelerometers divided by their distance, using a first-or second-order approximation, depending on the number of accelerometers used in the centrifuge test.
Shear modulus and damping ratio mobilized during each signal can be evaluated from stress strain loop as:
where c max is the maximum shear strain computed during the signal, s(c max ) is the associated shear stress, W D is the energy dissipated during one representative stress-strain cycle and W E is the strain energy. As an alternative, Brennan et al. (2005) suggested to compute G as the ratio between the difference in maximum and minimum stress applied during a loop and the difference in maximum and minimum strain developed in the same loop. Figure 5 shows the stress strain cycle computed during the signals fired at 80 g on the first model with the calculated shear modulus and damping. In the second model (Fig. 6 ) it was possible to evaluate the stress strain cycles only along the array 2, due to the malfunctioning of some of the horizontal accelerometers of array 1.
Values of shear modulus were derived from the three accelerometers aligned vertically below the soft layer in both the models (A10, A11, A12). These values are compared in Fig. 7 with the shear modulus degradation curve provided by the empirical relationship proposed by Santos and Correia (2001) : 
where a is equal to 0.385 and c 0.7 is the shear strain level at which the secant shear modulus is reduced to about 70 % of G 0 .
The local hysteretic damping has been calculated with the formulation suggested by Brinkgreve et al. (2007) , developed for HS small model in Plaxis (Fig. 7) . As soon as G ur is reached the damping ratio does not increase further, where G ur is defined as:
where E ur is the Young's modulus for unloading and reloading and m ur is the unloading/ reloading Poisson's ratio.
Complementing numerical analysis
Numerical simulations of the two centrifuge tests were performed by the FE code Plaxis 2D (Brinkgreve et al. 2011 ). The geometry of both centrifuge models was reproduced. Additionally the same sand layer without the soft barrier was modelled, to have a reference free-field model for comparison (Fig. 8) .
The soil was characterized by a constitutive model implemented in the Plaxis code, Hardening Soil with small strain overlay, that accounts for strain hardening plasticity and small-strain behaviour of soils (Schanz et al. 1999; Benz et al. 2009 ). The model is also able to capture the hysteretic behaviour of sands and the associated hysteretic damping in unloading-reloading cycles. Both stiffness decay and hysteretic damping are crucial in the prediction of the stress-strain behaviour of soil under cycling loading. Two parameters are needed to describe stiffness from very small to medium strains: the initial modulus G 0 and the shear strain level c 0.7 at which the secant shear modulus is reduced to about 70 % of G 0 . The model parameters for HN31 Hostun sand were extracted from literature (Benz 2007 ) and they are reported in Fig. 3 . The small-strain damping of the sand (D 0 ) was assumed equal to 0.5 %. It was modelled through the Rayleigh formulation, through the coefficients a R and b R , estimated using the ''double frequency approach'' suggested by Park and Hashash (2004) . It is worth noting that several procedures can be followed when implementing such an approach. For instance, Amorosi et al. (2010) suggested an iterative procedure, taking into account also the amplification function between the surface and the base level. This seemed necessary to avoid significant underdamping in the frequency range characterized by an amplification factor larger than one. However, since the Rayleigh formulation was here adopted to model the small-strain damping only (not the hysteretic one at larger strain level), this appeared to be a minor issue. Hence, the parameters were simply calculated by assuming the Rayleigh damping coincident with the initial damping ratio, D 0 , at the predominant frequency of the input signal (f 1 ) (cf. Table 4 ) and at the first natural frequency of the soil layer (f 2 ) (Lanzano et al. 2015) , as reported in Table 6 , where n is the modal damping ratio. The soft barrier was modelled as an elastic-perfectly plastic Mohr-Coulomb material. Its shear strength was determined through shear tests (Flora et al. 2015) while the elastic shear wave velocity was obtained by means of air-hammer pulse tests during the centrifuge flight, as shown in the previous section. The adopted values of parameters are summarized in Table 7 . The small-strain damping of the barrier (D 0 ) was derived from back-analysis of the experimental results pertaining to EQ1 and EQ2 of the centrifuge model with horizontal layer (Model 1), and it was assumed equal to 2.5 %.
The recorded time history at the base of the centrifuge container was used as the input motion applied at the bottom boundary of the FE mesh. Boundary conditions reproduced those of the laminar box used in the tests: periodic boundary at the lateral sides, through displacement restraints between the corresponding nodes, and reflective boundary at the base, through simple supports.
Experimental results

Settlements
The LVDT devices measured the settlements w at two different points in each model, during the centrifuge spin up and the following shakings. The position of the devices was Table 7 Mohr-Coulomb parameters adopted for the soft barrier . In the first model, an LVDT was placed on the soft barrier to evaluate the settlement of the soft layer due to the increase of self-weight during spin up when the centrifuge was subsequently accelerated in steps of 10 g until it reached a gravity of 80 g. As shown in Fig. 9 , during the spin up, the LVDT 1 (located on the soft layer) showed a slightly larger settlement than the LVDT 2. Since it is reasonable to assume that the deformation of the soft layer is much higher than the one of the sand lying above, the average settlement obtained from the two measurements shown in Fig. 9 can be used to estimate the change in thickness of the soft layer. The initial thickness of the horizontal barrier is 15 mm, corresponding to 0.75 m and to 1.2 m for gravity levels of 50 and 80 g, respectively. Under 50 g, before the signals were fired, its thickness is about 12 mm, corresponding to 0.6 m at prototype scale. Such a value was used in Eq. (4) to calculate the shear wave velocity of the soft layer. In particular, by assigning to the sand the relevant shear wave velocities V s,1 and V s,3 (Fig. 3) , a value of V s,2 = 11.8 m/s is computed assuming for the sand the shear wave velocity curve proposed by Hoque and Tatsuoka (2004) and a value of V s,2 = 12.2 m/s is evaluated adopting for the sand the measured shear wave velocity. The two values are rather close, and therefore an the average value of shear wave velocity equal to 12 m/s has been assumed for the soft layer in the numerical analyses. At this gravity level, two signals were fired, with different nominal frequencies (cf . Table 4 ). Finally, the centrifuge was accelerated to 80 g. According to the LVDT readings, the barrier thickness reduced to about 0.9 m at the prototype scale. At this new gravity level the remaining signals were fired (cf. Table 4 ).
In the second model, both the displacement transducers were installed at the model ground surface: the LVDT 1 was located at the middle of the model and LVDT 2 along the free field vertical (Fig. 10) . The recorded settlement was larger within the isolated volume (LVDT 1), especially after that all the five signals had been fired. 
Horizontal accelerations
First model-horizontal barrier
Two vertical arrays of six accelerometers each were installed in the first model (horizontal barrier), three above and three below the soft layer. The first array was aligned to the centreline of the model, the second one was located 75 mm away from one side of the box. One of the external accelerometers, located at the base plate (A14 in Fig. 1) , measured the input motion. In Fig. 11 some of the acceleration time histories recorded by A14, and characterized by different nominal frequencies, are shown together with the corresponding Fourier spectra, at prototype scale.
It is evident from the Fourier spectra that the input signals were not exactly harmonic. It may also be noticed that the duration of the shaking events characterized by the smaller amplitudes is generally longer than the nominal value of 0.4 s, due to a known issue of the SAM actuator already observed in previous experimental campaigns (e.g. Lanzano et al. 2012) . Figure 12a , b show the acceleration amplification (peak recorded accelerations normalized by the corresponding peak acceleration at the base) at different depths for all signals, obtained from 50 and 80 g models, respectively. It can be noted that the acceleration under the soft layer was generally more amplified during weaker excitations. Soon above the barrier attenuation is always observed, although for the weakest a net amplification is observed in the sand layer above the barrier. On the other hand, in case of stronger events, attenuation always occurred, de-amplification increasing with amplitude of the input signal.
The reference free-field conditions to be compared to the test results were established by means of the complementing FE analyses shortly introduced in Sect. 4.
To check the reliability of the numerical model, the centrifuge tests with horizontal barrier were first simulated. The numerical mesh shown in Fig. 8b was adopted in this case. Figure 13 shows, as an example, the results of such calculations for signal 7, for which the largest effectiveness of the barrier was obtained, this indicating an important influence of non-linear behaviour of both the soil and the soft barrier. In the same figure the experimental results are shown for comparison. It can be observed that calculated and recorded Fig. 12 Profile of amplification with depth at two different gravity levels: a 50 g; b 80 g Fig. 13 Recorded and calculated time histories of acceleration and Fourier spectra acceleration time histories at two different depths and the corresponding Fourier spectra are in good agreement, indicating the soundness of the numerical model. A further confirmation is shown in Fig. 14 . Here the acceleration amplifications at different depths, as measured during EQ4 and EQ7 (see Fig. 12 ), are compared to the corresponding computed profiles, with and without barrier. Hence the numerical calculations were performed in free field conditions using the mesh shown in Fig. 8a . Figure 15 compares the reference, calculated free-field behaviour with that observed in the centrifuge test performed on the model with the horizontal barrier. The results are compared in terms of an attenuation ratio, defined as the ratio between the maximum acceleration observed at the surface of the model with the horizontal barrier (a max,hb ) and the maximum acceleration computed without it (a max,ff ), plotted as a function of the peak input acceleration (Fig. 15a) and of the input nominal frequency (Fig. 15b) . The results confirm that the barrier is generally more effective during strong signals (attenuation ratio lower than 1, in some cases even lower than 0.5).
Second model V-barrier
In the model with the V-shaped barrier two arrays of six accelerometers each were also installed: array 1 along the vertical centreline of the model (A1-A6 in Fig. 1b) and array 2 outside the isolated volume of sand (A7-A12 in Fig. 1b) . Hence, in this model an immediate comparison is possible between the results along a vertical line that crosses the soft barrier and another that does not. However, array 2 is not strictly in free-field conditions, since it may be influenced by the presence of the barrier next to it. For this reason, numerical simulations of the V-shaped barrier model were also carried out, using the mesh of Fig. 8c . The results achieved for array 2 were hence compared with the results of the reference free-field numerical model (Fig. 8a) . Figure 16 shows the acceleration amplification ratio at different depths, for all signals at 80 g level only, along both arrays. During the test some of piezoelectric accelerometers of array 1 stopped working and for this reason some values are missing in the figure.
It can be noticed that along the array 1 only in two cases the peak acceleration ratio a max (z)/a max,i was lower than 1, just at the ground surface. However, the peak acceleration monitored at surface within the isolated soil volume (accelerometer A1) is generally lower than that measured by accelerometer A7 installed outside to it. As in the case of the horizontal barrier, for the V-shaped barrier also it is confirmed that the isolating effect generally decreases as the peak acceleration decreases.
In Fig. 17 the acceleration amplifications at different depths, as measured during EQ2 and EQ4 (see Fig. 16 ), are compared to the corresponding computed profiles, with and without barrier. This comparison confirms the ability of the numerical model to predict the experimental results also in the case of V-barrier. Figure 18 shows the results in terms of the ratio between the maximum acceleration at the surface of the model with (a max,Vb ) and without (a max,ff ) the V-shaped barrier, plotted as a function of the peak acceleration (Fig. 18a ) and the frequency of the input signal (Fig. 18b) , for all signals at 80 g level. When the input frequency is low the values of the peak acceleration with and without soft barrier are very similar, while by increasing the input frequency the amplification ratio attains values lower than 1, in the range of 0.6-0.8 (Fig. 18b) . However, to properly isolate the frequency effects, input signals of equal amplitude and different frequencies should be applied. Since this was not the case, no clear frequency effect can be observed in the figure. Conversely, as input signals of equal frequency characterised by different amplitudes were adopted, the effect of increasing amplitude is evident (Fig. 18a) .
Conclusions
This paper presents the results of an experimental work carried out in a geotechnical centrifuge. Two reduced scale models of soft barriers in a sand layer underwent a series of ground shaking. The aim of the study was to get experimental evidence of the capability of such soft barriers to isolate a volume of soil thus reducing amplification of ground motion induced by earthquake loading. The two models tested in centrifuge at 50 and 80 g consisted each in a layer of dense Hostun sand, about 280 mm thick, free to be shaken along its main horizontal axis thanks to the adopted container (a laminar box). In the first model a thin horizontal layer made of latex balloons filled with a cross-linked gel was created at about mid-height of the sand layer. In the second, the same balloons were installed to form a V-shaped barrier aimed at isolating a relatively shallow volume of sand. The V-shape of treatment was chosen assuming that it can be more easily created in site, compared to a deep horizontal layer. However, installation processes and relevant issues, such as the need to prevent or control excess static settlement during installation, were out of the scope of this piece of research.
The experimental results were compared with FE numerical analyses of the same models, carried out also in free field to have a benchmark condition. By validating the FE modelling via the comparison with the experimental results, a robust model has been built, that can be used for carrying out a wider parametric numerical testing.
The experimental results confirm the effectiveness of such soft barriers to reduce amplification in the isolated volume during seismic events, although V-shaped isolating barriers are less effective than a full horizontal barrier. The latter is however rather unfeasible and should only be considered as a reference condition.
Despite the fact that the contrast of impedance between the sand and the barrier decreases because of the decay of sand shear stiffness with large strains, in stronger events the soft barrier shows its highest effectiveness. This is a clear evidence that yielding plays a beneficial role, and that a low shear strength is needed in the soft layer; however Flora et al. (2016) have shown that there is no need to have for it an extremely low value.
Even though the results shown in this paper are promising for the use of soft buried barriers, further efforts are needed before such a solution could be applied in the field. The main issues to tackle are the installation procedure and the subsequent settlements at ground level. Further research on the chemical composition of the soft material may be also required.
